We propose the microstructural change model of magnesium hydride catalyzed by Nb 2 O 5 during hydrogenation. The ball-milled composites, MgH 2 and 1 mol% Nb 2 O 5 , were dehydrogenated and then rehydrogenated for varied time at room temperature under 0.1 MPa H 2 atmosphere. The crystallite size of Mg and MgH 2 was evaluated by powder X-ray diffraction (XRD) measurement and confirmed by transmission electron microscopy (TEM) observation. The crystallite size of generated MgH 2 was smaller than that of Mg and did not change significantly with increasing time of hydrogenation. It is suggested that the number density of MgH 2 crystallites increases during the hydrogenation process.
Introduction
MgH 2 has been a promising candidate for a base metal of hydrogen storage alloys because of its large storage capacity (7.6 mass%). 13) However, the absorption and desorption processes require high temperatures and the reactions are slow. Recently, it has been suggested that the addition of transition-metal oxides as a catalyst is effective for improving the hydrogen absorption/desorption kinetics. 4, 5) Barkhordarian et al. reported that the Nb 2 O 5 had a superior catalytic effect for the reaction, compared to other metal oxide additives. 68) Hanada et al. reported that the desorbed composite of MgH 2 with 1 mol% Nb 2 O 5 ball-milled for 20 h, was able to absorb 4.5 mass% of hydrogen under lower pressure than 1.0 MPa within 15 s even at room temperature. 9) In the recent study, it was reported that Nb 2 O 5 catalyst was partially reduced after ball-milling with MgH 2 , and the reduced Nb-contained compound(s) could eventually decrease activation energy as an essential catalyst rather than Nb 2 O 5 itself.
10) The reduction product was confirmed as NbH 2 in the later research, in which the Nb-gateway model was proposed to explain the mechanism of the catalytic effect. 11) On the other hand, we have been pursuing for the direct observation of the process using transmission electron microscopy (TEM). In the previous observation, the dehydrogenation process of MgH 2 catalyzed with 10 mol% Nb 2 O 5 was monitored via high resolution transmission electron microscope (HRTEM). It was found that dehydrogenation started at interface between Nb 2 O 5 and MgH 2 .
12)
However, the detail of the hydrogenation process has not been understood yet. In the present work, we performed a series of TEM observations on the rehydrogenated composites of MgH 2 and 1 mol% Nb 2 O 5 in order to gain an understanding of the hydrogenation process. The composites were dehydrogenated and then rehydrogenated for various time durations at room temperature, at 0.1 MPa H 2 atmosphere, so that the hydrogenation process could be comprehensively observed. The microstructures of the samples were investigated and compared in order to discuss the mechanism of the hydrogenation process on the basis of the observation.
Experimental Procedures
MgH 2 powder (98% purity) and Nb 2 O 5 powder (mesoporous) were purchased from Alfa-Aesar and Sigma-Aldrich, respectively. Ball-milling was performed using a Fritsch P7 apparatus. Mixtures of MgH 2 and 1 mol% Nb 2 O 5 were ballmilled with 20 steel balls (7 mm in diameter) for 2 h, with a pause in every 1 h. The milling time of 2 h was applied because longer milling time causes better distribution of the catalyst in the sample and makes it more difficult to observe either Nb 2 O 5 or Nb-related phase by TEM. The total weight of the powder was 300 mg and the ball-to-powder ratio was set to 100 : 1. The hydrogen pressure inside the milling vial was 1.0 MPa and the rotating speed was 400 rpm. Dehydrogenation process was carried out at 400°C under vacuum condition for 14 h. Then, the samples were rehydrogenated at room temperature, under a H 2 atmosphere of 0.1 MPa, for 40, 400 and 4000 min. Thermogravimetry (TG) was performed using BRUKER TG-DTA2010SA with a heating rate of 5°C min ¹1 under a highly pure helium flow. The hydrogenation ratio was confirmed by the following expressions:
where ¦m is the mass loss (%) of the sample obtained by TG, C is the theoretical hydrogen capacity of MgH 2 with 1 mol% Nb 2 O 5 , 6.94 mass%. X-ray diffraction (XRD) was performed using JEOL JDX-3500 powder diffractometer with CuK ¡ radiation. The crystallite sizes of MgH 2 and Mg were estimated using the Scherrer Equation:
where K is the shape factor, typically 0.89, is the X-ray wavelength, 0.154 nm for Cu radiation, ¢ is the full width at half maximum (FWHM), ª is the Bragg angle, and¸is the mean size of the crystallites. 13 ) TEM observation was performed via a 200 kV TEM (JEM-2010). All samples were handled without air exposure during whole process. Plastic bag method 14) was used to prevent oxidation of the sample during transport into the TEM instruments. Figure 1 shows the XRD patterns of the samples. In the as milled sample, the peaks of MgH 2 and MgO were detected while that of Nb 2 O 5 was not observed. The slight existence of MgO and the absence of Nb 2 O 5 peaks agree with the results elsewhere, relating to some catalytic mechanism.
Results and Discussion
11,15) Recent TEM observations also revealed that the catalyst embedded in MgH 2 within nanoscale, 16) causing difficulty in the detection under XRD. After desorption, only Mg and a small amount of MgO were detected, indicating that MgH 2 was dehydrogenated completely. The peaks of MgH 2 were observed in all the rehydrogenated samples. It reveals that the synthesized ball-milled composites, MgH 2 and 1 mol% Nb 2 O 5 , have good absorption properties after dehydrogenation. The catalytic effect of Nb 2 O 5 was able to be effectively activated by ball-milling for 2 h, enabling the sample to absorb hydrogen under such low pressure and temperature. Longer hydrogenation time led to higher hydrogenation ratios, as we can see that the peaks of MgH 2 became stronger with increasing time of hydrogenation. However, the peaks of Mg were still detected even in the sample hydrogenated for 4000 min, revealing that fully recharging the samples is difficult under this condition and higher pressure would be needed to complete the process.
We selected the three strongest peaks of MgH 2 and Mg in the XRD patterns to estimate the crystallite size, as shown in Table 1 . The crystallite size of Mg before hydrogen absorption was ³70 nm, while that of the generated MgH 2 after rehydrogenation for 404000 min was ³30 nm, much smaller than the former. We also plotted the mean crystallite size as a function of hydrogenation time, as shown in Fig. 2 . It can be seen that while the hydrogenation time increased, the crystalline size of generated MgH 2 did not change significantly. However, the hydrogenation ratio was confirmed to increase with increasing time of hydrogenation, as listed in Table 2 . The maximum hydrogenation ratio was 71% (4.9 mass%).
TEM observation on the samples was presented in Fig. 3 . The bright field images, the selected area diffraction patterns, and the dark field images of the dehydrogenated sample, as well as the ones hydrogenated for 40, 400 and 4000 min, were captured separately. The existence of MgO was confirmed in all the samples according to the diffraction patterns (see Figs. 3(b) , 3(e), 3(h) and 3(k)). It is believed that MgO was generated during ball milling, as pointed out in our previous work. 11) Nb 2 O 5 or other Nb-related phases were not observed in all the samples. It is possible that the catalyst was mixed in MgH 2 matrix within atomic scale so that it is difficult to detect it by electron diffraction. In the dark field image of the dehydrogenated sample (Fig. 3(c) ) obtained from Mg (002), the white-contrast crystallite shows that the size of Mg was ³300 nm. Similarly, in the dark field images of the hydrogenated samples taken from MgH 2 (110) (Figs. 3(f ), 3(i) and 3(l) ), the crystallite size of MgH 2 was estimated as ³150 nm. The size of generated MgH 2 was much smaller than that of Mg. More importantly, the size hardly changed with the increase of hydrogenation time, confirming the XRD results above. We noticed the inconformity in the size estimated by XRD and TEM. In the case of XRD, the Scherrer equation gives the mean size of the crystallites. However, dark field images under TEM only show the larger particles, because clear and strong spots have been selected in all the observation. Therefore, TEM leads to an overestimation of the crystallite size, compared to the Scherrer method.
According to the above results, we discuss the hydrogenation process further. As it is known, nucleation and growth of the hydride take important parts in the hydrogenation process. 17) In one extreme possibility, MgH 2 crystallites can grow up unlimitedly after the nuclei formation, until the hydrogenation completes. In this case, MgH 2 crystallite is supposed to grow with increasing time of hydrogenation. As a result, large single-crystals of MgH 2 can be observed. However, the size of MgH 2 was actually unchanged during the hydrogenation process, shown in the results above. It is suggested that the formation of MgH 2 does not follow the growth-dominated crystallization during hydrogenation. Instead, the number density of small MgH 2 crystallites increases in the hydrogenation process. According to the Nb-gateway model proposed in our previous work, 11) highly-dispersed tiny Nb in the sample works as a gateway for hydrogen transportation, facilitating hydrogen dissociation and recombination during the process. MgH 2 could rapidly nucleate near the site where the catalyst exists. The high dispersion of the catalyst ensures that the nucleation of the hydride takes place everywhere in the sample at the same time. As a result, the number density of the hydride increases fast and the hydrogenation reaction can effectively proceed.
Conclusions
We studied the hydrogen absorption properties of the ballmilled composites, MgH 2 and 1 mol% Nb 2 O 5 . The samples were able to absorb up to 4.9 mass% of hydrogen under 0.1 MPa hydrogen atmosphere at room temperature. The crystallite size of MgH 2 was estimated as ³30 nm using the Scherrer equation, much smaller than that of Mg which was estimated as ³70 nm. The size was almost unchanged with the increase of hydrogenation time. TEM observations confirmed the trends above, except the inconformity in the estimation of crystallite sizes. It is suggested that the formation of MgH 2 does not follow the growth-dominated crystallization. Instead, the number density of MgH 2 crystallites increases during the hydrogenation process.
